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a  b  s  t  r  a  c  t
A  metric  was  developed  for assessing  anthropogenic  impacts  on  aquatic  macrophyte  ecology  by scoring
macrophyte  species  along  the main  gradient  of  community  change.  A measure  of  ecological  quality  was
then  calculated  by Weighted  Averaging  (WA)  of  these  species  scores  at a  monitoring  site,  and  comparison
to  a reference  condition  score.  This metric  was  used  to illustrate  the  difficulties  of  developing  aquatic
macrophyte  indices  based  on indicator  species  in  Mediterranean  rivers.  The  response  of the  metric to a
nutrient  gradient  was  examined  within  two  different  river  typologies:  the  national  typology  designed  for
the Water  Framework  Directive  and  a typology  that segregates  the  environmental  variables  to produce
maximum  species  similarity  within  a  river  type.  Both  typologies  showed  the  strong  north–south  climatic
divide  in  Portugal,  with  southern  rivers  having  long  periods  without  rainfall  and  often  without  flowing
water  in  the  summer.  Overall,  the  metric  responded  well  to  nutrient  impacts  however  it performed  poorly
in  some  southern  lowland  river  types.  This  was  thought  to be  due  to  low  numbers  of  aquatic  macrophytes
in  temporary  rivers.  Non-aquatic  species  that  establish  in  the  river  channel  of  temporary  rivers  may  have
to be  included  in  indices  to improve  performance.  Also,  simple  Weighted  Averaging  (WA) metrics  may
be  insensitive  to  abundance  changes  and  loss  of  rarer  indicators  in lowland  Mediterranean  rivers.  More
sophisticated  methods  of  using  WA  are  suggested,  as well  as further  research  into  developing  assessment
methods  specific  to the  character  of Mediterranean  rivers.
© 2011 Elsevier GmbH. All rights reserved.
Introduction
Under the Water Framework Directive (WFD) (Council of
the European Communities, 2000) European Member States are
required to develop methods of ecological assessment that classify
rivers and lakes into five ecological quality classes based on their
flora and fauna (WFD, Article 8). The purpose of this study was  to
illustrate the difficulties of developing WFD  compliant macrophyte
metrics in Mediterranean regions. A metric based on community
similarity was used as an example.
Many countries are considered to have Mediterranean climates
including Italy, Croatia, Greece, western Turkey, northern Morocco
and southern Iberia. Such climates have a mixture of perennial (per-
manent flow) and intermittent (flowless in summer) rivers. The
Mediterranean climate typically has strong seasonal and annual
variability in rainfall, with mild winters and dry summers. For
example, Barcelona in northern Iberia has a median of 22 Dry Days
Since Last Rain (DDSLR), whereas Loulé in southern Iberia has a
median of 83 DDSLR (Reiser and Kutiel, 2010).
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Fewer aquatic macrophyte species are found in the drier rivers of
southern Iberia than in the north. For example, in northern Portugal
104 aquatic macrophyte species were found in routine surveys,
with a mean of 13.5 species per site, whereas in southern Portugal
there were only 94 species, with a mean of 12.7 species per site
(Dodkins et al., 2011). In the Iberian interior many rivers are dry
for a large part of the year, and may  have no truly aquatic vas-
cular macrophytes or bryophytes. Since metrics which use WA of
species scores are detrimentally affected by low species numbers
(Dodkins et al., 2011) ecological assessment strategies may  have to
be adapted for countries with Mediterranean climates.
The history of aquatic macrophyte metric development is less
extensive than for invertebrates (Hawkes, 1998; Pantle and Buck,
1955) or diatoms (De Pauw and Vanhooren, 1983; Persoone and
De Pauw, 1979), and the metrics which have been developed have
originated in temperate climates (Haury et al., 2006; Holmes et al.,
1999; Melzer, 1999). Whilst invertebrates and diatoms have been
shown to be good indicators of organic enrichment (Armitage
et al., 1983) and acidification (Lenoir and Coste, 1996), doubts have
arisen over the reliability of macrophyte metrics in showing a true
response to nutrient impacts within the WFD  due to the over-riding
effects of other limiting factors such as light and small scale habi-
tat structure (Demars and Edwards, 2009; Dodkins and Rippey,
2008). Despite this, macrophytes are vitally important ecological
0075-9511/$ – see front matter ©  2011 Elsevier GmbH. All rights reserved.
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components of rivers, providing food (Carpenter and Lodge, 1986;
Marshall and Westlake, 1978) and habitat structure (Cheruvelil
et al., 2000; Collier et al., 1999; Den Hartog, 1982), and altering
water chemistry (Carpenter and Lodge, 1986).
In Iberia the performance of different metrics has generally
been poor. Two metrics which score species along a trophic gra-
dient, the Mean Trophic Rank (MTR) (Holmes et al., 1999) and
the Índice de Macrófitos (Suarez et al., 2005), were applied in
Portugal and Spain, respectively. MTR  had low correlations with
nutrient impacts except in highly eutrophic and oligotrophic rivers
(Szoszkiewicz et al., 2006), and the Índice de Macrófitos had an r2-
value of only 0.165 with phosphate concentration (Suarez et al.,
2005). Two alternative approaches, using measures of commu-
nity similarity based on the River InVertebrate Prediction And
Classification System (RIVPACS) (Wright, 1995) and the BEnthic
Assessment of SedimenT (BEAST) method (Reynoldson et al., 1995)
were also assessed in Portugal (Aguiar et al., 2011). Both had low
rank correlations with nutrient gradients; equivalent to an r2 of
≤0.16. A third approach using functional groups, the Riparian Veg-
etation Index (RVI), was also applied in Portugal (Ferreira et al.,
2005). This performed better, with an r2 of 0.31 against a combined
pressure gradient in northern Portuguese rivers, and r2 of 0.56 in
Southern Portuguese rivers. However, the index could not be used
within the WFD  as it included terrestrial species from the riparian
zone.
These three types of metrics (gradient, community change and
functional group metrics) have different advantages and disadvan-
tages. Metrics calibrated along a pressure gradient are likely to
reduce the effect of natural variation on a metric score compared to
metrics which assess community change, although other limiting
factors (Demars and Edwards, 2009) or small scale physical habi-
tat variation (Dawson et al., 1999) can still have a large influence
on these metrics. Also, insufficient quality or quantity of chemical
data for calibration often limits the development of gradient met-
rics. Assessing metric performance using linear regression against a
nutrient impact may  favour the gradient metrics, whereas commu-
nity change metrics respond to multiple pressures simultaneously
and therefore may  not give good correlations with single specific
pressure gradients. However, linear regression, and increasingly
rank regression, help to distinguish the metric response to human
impacts from that due to natural variation and it is still the most
frequently used method to confirm a response to nutrient impacts
in the WFD.
To illustrate the difficulties of developing metrics for Mediter-
ranean regions, a simple metric was chosen which is not limited by
the quality of the physico-chemical data and combines aspects of
both gradient and community change metrics.
Methods
Data collection
A total of 378 river sites (Fig. 1) were surveyed throughout
nine geographically located river types specified in the Portuguese
national river typology (Aguiar et al., 2008; INAG, 2008b).  Large
river types, that require a different sampling methodology, were
not included. 262 of the sites were considered to have impacts that
varied in severity and type. The remaining 116 sites belong to the
Portuguese national network of reference conditions, previously
selected using digital databases from the Water Institute (INAG
IP), the Portuguese Water Resources Information System, expert
judgment and field campaigns. They were considered category A
or B waters for multiple human uses since they met  the criteria for
good chemical quality for nitrate, nitrite, phosphates, ammonia,
pH, BOD5 and COD. There was no obvious alteration to channel
morphology and no major abstractions or flow alterations. There
were low levels of urbanisation and industrial activity in the
catchment and all expected physical habitats were present at the
sites, with mostly intact riparian zones. These reference sites are
considered to be either the “least disturbed” or “best available”
sites in Portugal sensu Stoddard et al. (2006).
Conductivity and pH were measured at the sites with the WTW
(Wissenschaftlich-Technische Werkstätten) field probes. Water
samples were collected for the analysis of other water quality deter-
minands using standard methods (Bartram and Ballance, 1996;
Clesceri et al., 1999), i.e. Alkalinity (titration with sulphuric acid),
nitrate (cadmium reduction), total Kjeldahl nitrogen (mineraliza-
tion and titration), Biological Oxygen Demand (dissolved oxygen
measured with a probe after 5 days of incubation), and ortho-
phosphate and total phosphorus (using ammonium molybdate).
The morphological alterations of the river channel and the ripar-
ian zone were determined on site, using the River Habitat Survey
(Raven et al., 1998) whilst hydrological alterations, erosional sedi-
ment deposits and land use areas were obtained from national GIS
databases available at http://www.inag.pt/snirh.  Connectivity was
evaluated based on the number of relevant barriers, such as dams
and weirs, along the river segment.
A macrophyte survey was done over a 100 m length at each of
the 378 river channel sites, including both inner banks and the main
channel, and including channels that had only sub-surface water.
The fieldwork was  performed in the Spring and early Summer of
2004 and 2005 with sampling methods following the European
standard (CEN, 2003), which has been incorporated into a standard
Portuguese sampling method (INAG, 2008a).  Although it is unlikely
that species with an early vegetation period were missed, abun-
dances may  be lower than the peak for species with later vegetation
periods.
The initial survey included hydrophytes (truly aquatic species),
helophytes (emergent species), hygrophytes (tolerant to submer-
sion but normally rooted in wet  soil) and terrestrial species.
Although common macro-algae (e.g. Cladophora spp., Lemanea spp.,
Lyngbia spp., Vaucheria spp.) were sometimes identified, the only
genus consistently recorded was  Lemanea and therefore other
macro-algae genera were either too rare or inconsistent in their
abundance to be included in the data.
Surveyors waded upstream within the channel in a zig-zag man-
ner, re-wading downstream to ensure that all the species were
recorded and to confirm species abundance (measured as percent-
age cover). If channel access was  hazardous, surveying was done by
walking along the banks, or by boat. Vascular plants were identified
in the field and liverworts and bryophytes from the channel were
collected for later identification.
Selection of indicator species
The European Standards for aquatic macrophyte monitoring
(CEN, 2003) includes only hydrophytes and helophytes. However,
Mediterranean temporary rivers often have hygrophytes and even
terrestrial species within the river channel that may  be indicative
of hydrological regime and prior nutrient status (Dodkins et al.,
2011). Terrestrial species were not included in this study, retain-
ing only species with an Aquaticity of five or less (Appendix A)
within the dataset, i.e. freshwater hydrophytes, helophytes, and
hygrophytes.
Calculating species scores
A metric based on scoring species was  used since it can reduce
the effect of natural variation and is an approach being used exten-
sively within Europe (Birk, 2011), e.g. in the UK and Ireland (Willby
et al., 2009), France, Belgium, Italy and Croatia (Haury et al., 2006),
Author's personal copy
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Fig. 1. Location of the 378 surveyed sites within Portugal and their river type within the national typology (see Table 1).
Austria (Pall and Mayerhofer, 2008) and Poland (Szoszkiewicz et al.,
2008). However, the calibration of species against a measured pres-
sure gradient was avoided as the results would depend upon the
pressure gradient chosen, and the physico-chemical data available
was only semi-quantitative, i.e. hydrological and hydromorpholog-
ical data was categorical, 79% of sites had nitrate values at or below
the LoD (1.2 mg  L−1), 85% of sites had total phosphorus concentra-
tions at or below the LoD (0.2 mg  L−1) and 92% of sites had ammonia
concentrations below the LoD (0.4 mg  L−1).
A metric similar to that of Lavoie et al. (2006) was used, whereby
species are scored along the first axis in a Correspondence Analy-
sis (CA) (Benzérci, 1973). CA is an ordination method that scores
species based on the main gradient in species change. Therefore
species with similar scores are more likely to occur together within
the same environment, i.e. the score is a quantitative measure of the
type of community the species belongs to. Contrary to Lavoie et al.
(2006) we preferred Detrended Correspondence Analysis (DCA)
over CA since it ensures unit within-sample variance for the cal-
culation of species scores and prevents the ends of the species
score gradient being compressed (Hill and Gauch, 1980). DCA was
applied to the aquatic macrophyte species data at the 378 sites
using CANOCO 4.5 (ter Braak and Smilauer, 2002). The percent-
age cover data was square root transformed prior to analysis, since
root transformation is appropriate for bounded data (Sokal and
Rohlf, 1995), and a square root transformation resulted in higher
Eigenvalues than either no or forth root transformation. The species
scores along the first ordination axis were rescaled to integers
between 1 and 10.
Validation of the metric
The biological metric scores were calculated for each of the 378
sites. The biological metric score for a monitoring site is the mean
of the species scores that occur at that site, weighted by their cover,







where S = site score, n = number of species, Ci = cover scale value of
species i (see below), and Qi = score of species i.
The cover scale values used to weight the mean were: 0 (for 0%
macrophyte cover relative to the channel area), 1 (≤1% cover), 2
(≤5% cover), 5 (≤33% cover) and 6 (>33 cover). These cover weight-
ing values and categories were chosen since it is easy to estimate a
third of channel cover, and the weighting increased the correlation
when tested against a pressure gradient (described below).
Nutrient enrichment is usually considered the most important
human impact within Europe, and is the main pressure considered
when testing the current indices within the WFD. Principal Compo-
nent Analysis (PCA) was used to combine nitrate, total nitrogen and
impermeable surface area (urbanisation in the catchment) param-
eters into a single pressure gradient. The parameters were chosen
as they were all strongly correlated with nitrate; commonly consid-
ered a nutrient variable to which aquatic macrophytes have a strong
response (Carbiener et al., 1990; Dodkins et al., 2005a). Nitrate
Author's personal copy
98 I. Dodkins et al. / Limnologica 42 (2012) 95– 107
Table 1
River types within the national typology.




L Littoral central streams (occidental coastal streams) 6 0.442
M Small-sized mountainous streams of North 8 0.137
N1  Small and medium sized streams of North 13 Y 0.444
N2  Medium and large-sized streams of Alto Douro 9 Y 0.356
N3  Small-sized streams of Alto Douro 17 0.497
N4  Transition North–South 33 0.333
S1 Small  and medium sized streams of South 17 Y 0.143
S2 Small-sized mountainous streams of South 11 0.313
S3  Sedimentary deposits of Tagus and Sado rivers 23 0.127
could not be used alone as many of the values were below the LoD,
however this was not the case for total nitrogen and imperme-
able surface area measurements. The first axis of a PCA using these
three variables was used to produce a site impact score represent-
ing the nutrient pressure at each site. The scaling of the biological
metric score was not expected to have a linear relationship with
nutrient concentration; therefore the PCA pressure gradient values
were converted to ranks prior to regression against the biological
metric.
Assessment of metric performance – the national typology
The WFD’s Ecological Quality Ratio (EQR) was used to quantify
the amount of ecological deterioration due to anthropogenic pres-
sures. This must be calculated as a ratio between the metric score
at the monitoring site, and that at reference condition. A high score
(around 1) represents high ecological quality whilst a low score
(towards zero) represents bad quality. The reference condition is
specific to a river type since unimpacted macrophyte communi-
ties naturally differ between river types. The Portuguese national
typology (Fig. 1, Table 1) was developed based on the abiotic vari-
ables suggested in the WFD  (Aguiar et al., 2008) and divided into
geographic regions. The median biological metric score of the ref-
erence sites within each of the nine river types was calculated to
produce the reference condition metric score for each river type.
ANOVA and Tukey tests (Fowler et al., 1998) were done to see if
there was a significant difference between the mean metric score
for reference sites and the mean metric score for impacted sites,
within each river type.
Assessment of metric performance – The LINKTREE typology
An alternative typology was developed by grouping reference
sites that have maximum species similarity, and finding which
environmental parameter, and where along the environmental
gradient, these groups are best separated. This can be achieved
using LINKTREE within the Primer v.6 software (Clarke and Gorley,
2006). The result is a discrete river typology based on environ-
mental variables that maximally separates the aquatic macrophyte
communities found at reference condition. The only environmen-
tal variables used to produce the typology were those considered
important in structuring the species distribution, and which were
not pressure gradients, i.e. latitude, pH, alkalinity, discharge (based
on rainfall), width, depth, altitude, distance from source, catchment
area, and whether the river was temporary or permanent. As with
the national typology, the reference condition for each river type
was calculated as the mean biological metric score of the reference
sites within the river type. The EQR was then calculated for the 378
sites. ANOVA and Tukey tests were done to see if there was  a sig-
nificant difference between the mean reference and impacted site
scores within each river type.
Species typical of Northern, Southern and Mountainous river types
Since Northern, Southern and Mountainous regions were delim-
ited within both typologies, the species typical of these regions
were compared. The frequency of different species at reference
and impacted condition was  calculated within these river types,
as well as the number of species that occurred at reference but not
impacted sites and vice versa.
Results
Table 2 shows the range and median of physico-chemical, phys-
ical and landscape scale data for all river sites. Table 3 shows the
median values of nutrient determinands and land-use for only the
reference sites. The values are presented for each river type in the
LINKTREE typology.
In the species data, only 12% of the original species were
helophytes and hydrophytes, the other species being terrestrial
or hygrophytes. 105 species (hydrophytes, helophytes and some
hygrophytes) were chosen as indicators within the metric. The most
commonly occurring of these were Oenanthe crocata (309 sites),
Lythrum salicaria (223 sites), Polygonum hydropiper (212 sites) and
Lycopus europaeus (208 sites). All these species have a low depen-
dence on root submergence for survival. Conversely, species less
commonly found were more strongly associated with constant
submergence, e.g. Isoetes histrix,  Elodea canadensis,  and Callitriche
obtusangula, each found at only three sites. Species occurring at less
than three sites were not included in the analysis. Several com-
mon  bryophytes were completely absent in the south: Fontinalis
antipyretica, Fontinalis squamosa and Rhyncostegium riparioides. The
invasive Arundo donax was found at 80 sites, whereas another inva-
sive, Eichhornia crassipes (water hyacinth), was only found at 5 sites.
Table 2
Range and median values of the main parameters measured in this study.
Determinand Minimum Maximum Median
Water chemistry
Conductivity (S cm−1) 9 1772 121
pH  5.0 9.1 7.3
Alkalinity (mg  HCO32− L−1) <10 442 31
Nitrate (mg  NO3 L−1) <1.2 34.2 1.4
Total nitrogen (mg N L−1) <0.5 16.4 1.4
Orthophosphate (mg PO4 L−1) <0.13 6.00 <0.13
Total phosphorous (mg  P L−1) <0.2 2.0 <0.2
Physical
HQA (habitat quality assessment) 14 64 42
HMS  (habitat modification score) 0 67 5
Width (m)  0.4 200.0 5.2
Depth (m)  0.0 3.0 0.3
Distance from source (m)  29 237,153 18025
Discharge (mm  rainfall) 75 2200 350
Landscape
Altitude (m) 3 1414 160
Area (km2) 1 5402 81
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Table 3
Environmental quality of reference sites within the LINKTREE typology shown as median values of chemical and landscape determinands. (<) Indicates below the Limit of
Detection (LoD).
LoD A M N1 N2 N3 N4 N5 N6
Nitrate (mg  NO3 L−1) 1.2 < < < 2.5 1.3 < < <
Ammonia (mg  NH4 L−1) 0.4 < < < < < < < <
Total  nitrogen (mg  N L−1) 0.5 < < < 1.66 1.30 1.29 2.00 2.37
Total  phosphorous (mg  P L−1) 0.2 < < < < < < < <
Orthophosphate (mg  PO4 L−1) 0.1 < < < < < < < <
Agriculture in catchment (%) – 1 1 1 15 15 24 31 20
Natural area in catchment (%) – 99 95 99 75 64 72 66 80
Artificial surface in catchment (%) – 0 0 0 5 0 0 1 0
S1  S2 S3 S4 S5 T1 T2 T3 T4 T5
Nitrate (mg  NO3 L−1) < 5.8 < < 1.6 < < < 1.5 <
Ammonia (mg  NH4 L−1) < < < < < < < < < <
Total  Nitrogen (mg  N L−1) 1.07 2.25 < < 2.27 < < 0.59 < 0.57
Total  Phosphorous (mg  P L−1) < < < < < < < < < <
Orthophosphate (mg  PO4 L−1) < < < < < < < < < <
Agriculture in catchment (%) 23 26 57 26 26 18 21 34 50 40
Natural area in catchment (%) 73 73 43 73 72 81 79 66 48 60
Artificial surface in catchment (%) 3 1 0 0 0 0 0 0 0 0
Calculating species scores
Appendix B shows the species scores derived from the first axis
of the DCA, rescaled between 1 and 10. Species with low scores
are associated with high conductivity and nutrient enrichment, e.g.
Potamogeton pusillus and E. canadensis have scores of 1. Conversely,
upland bryophytes and liverworts associated with low conductiv-
ities and low nutrient status had high scores, e.g. Jungermania spp.
(score of 8), Scapania spp. (score of 9) and Philonotis fontana (score
of 10).
Many of the species had similar scores to the Mean Trophic Rank
(Holmes et al., 1999) score, i.e. these species differed by no more
than one from MTR: Alisma lanceolatum, Alisma plantago-aquatica,
Brachythecium rivulare, Brachythecium rutabulum,  C. obtusangula, F.
antipyretica, F. squamosa,  Iris pseudochorus, Lemenea, Lemna gibba,
L., Lemna minor,  Potamogeton crispus,  Potamogeton natans,  Ranun-
culus peltatus, Ranunculus trichophyllus, Rhyncostegium ripariodes,
Schoenoplectus lacustris, Sparganium erectum, Thamnobryum alop-
ercus and Typha latifolia. This suggests a strong association of the
scores with a trophic gradient. Notable deviations from this pat-
tern were Callitriche hamulata (3) which scored much lower than
in MTR  (9), and many of the upland species which had lower scores
than found in MTR, i.e. Amblystigium riparium (scored 5 in this met-
ric compared to 1 in MTR), Eleogitan fluitans (6 cf. 10), Equisetum
palustris (4 cf. 6), Hygrohypnum ochraceum (7 cf. 9), Juncus bulbo-
sus (8 cf. 10) and Potamogeton polygonifolius (6 cf. 10). Also Chara
fragilis, which tends to be associated with oligotrophic conditions
(though it can have a broad ecological range), only scored 2 in this
study. Phragmitis australis, despite being ubiquitous, was given a
score of 1. Many species from the MTR  were either not recorded
or recorded too rarely to be used as indicators, e.g. Nuphar lutea,
Cinclidotis and Sagittaria sagittifolia.
Validation of the metric
A general nutrient gradient had to be derived from a composi-
tion of impacts since many of the values for nutrient determinands
were below the limit of detection. The first axis in a PCA repre-
sented this combination of nitrate, nitrogen and impermeable
surface area gradients. This axis had a Pearson’s correlation coef-
ficient of 0.911 with impermeable surface area, 0.698 with nitrate
and 0.617 with total nitrogen. The PCA axis was then converted
to a rank value, since the biological metric was  not considered
to have a linear relationship with nutrient status. This rank PCA
axis had slightly lower correlations with the above determinands
(0.806, 0.611 and 0.575, respectively).
There was  a high correlation (Pearson’s correlation 0.776,
r2 = 0.602) in the regression of the rank nutrient pressure gradient
against the biological metric scores calculated at each site. Alter-
ing the cover values used to weight the mean species score had
some effect, varying the r2-value between 0.510 and 0.604. How-
ever, regardless of the choice of weightings, it was evident that
it was more useful to have low weights for the very low coverage
species, and to rely predominantly on the scores of the higher abun-
dance species. The final coverage classes were chosen as they were
simple, made sense, and gave a good correlation with the impact.
However, weighting based on percentage cover rather than domi-
nance is likely to change the functioning of a metric. For example, in
26 streams the dominant species had less than 1% cover, whereas in
96 streams the dominant species had greater than 33% cover. Using
the percentage cover in rivers that have high natural variation in
the area of available habitat between sites (e.g. due to area of photic
zone) may  make comparisons between reference and monitoring
sites less accurate (Dodkins and Rippey, 2008).
The hydromorphological and hydrological variables had low
correlations with the metric over the 378 sites, e.g. discharge
category (r2 = 0.312), connectivity category (0.179) and erosional
sediment deposits category (0.166). Hydromorphological and
hydrological variables were expected to have a strong correlation
with species change (Dodkins et al., 2005a; Haury, 1996; Wilby
et al., 1998), and the DCA metric should represent the main impacts
on species. However, it is possible that the semi-quantitative
(categorical) nature of the hydromorphological and hydrological
data resulted in these low correlations rather than there being a
poor metric response. Other important variables that the metric
responded to are conductivity (r2 = 0.597), alkalinity (0.355) and
pH (0.335). The higher correlation with the nutrient pressure gra-
dient rather than alkalinity suggests the metric is more responsive
to nutrient changes than natural variability in alkalinity.
Assessment of metric performance – the national typology
The regression of the EQR against a pressure (nutrient) gradient
within the national typology shows some correlation in most river
types (Fig. 2). The metric represents the main gradient of commu-
nity change, and not specifically nutrient enrichment, and therefore
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N2 0.35 6 N3 0.49 7 N4 0.333
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Fig. 2. Ecological Quality Ratio (EQR) of sites surveyed within river types of the national typology, plotted against a nutrient gradient (constructed from the 1st PCA axis of
total  nitrogen concentration, nitrate concentration, and impermeable surface area in the catchment). The x-axis is the rank nutrient gradient and the y-axis is the EQR  value.
The  letter within each chart indicates the river type, and is followed by the r2 value. Impacted sites are indicated as closed circles, reference sites as open circles.
it is surprising how good the correlation is within river type N3. The
southern river types and mountainous river types have lower cor-
relations with the nutrient gradient. In river type N3 it is likely that
nutrient enrichment (rather than abstraction or hydromorpholog-
ical impacts) is the main cause of impact, and thus there is a high
correlation.
Even so, ANOVA and Tukey tests showed that only river types
N1, N2 and S1 types had a significant difference (P = 0.05) between
reference and impacted sites (Fig. 4). This may  be because some of
the impacts are not from nutrient enrichment, although on exam-
ination of Fig. 4 the overlap is large between reference conditions
and impacted sites in most of the river types (but especially N4 and
S2), suggesting few differences between many of the reference and
impacted communities. The metric appears to perform poorly in
river type N4, which has a higher mean metric value for impacted
sites than for reference sites. Type N4 is a transition area between
the northern and southern regions, therefore this erroneous result
may be due to differences in the natural river vegetation rather than
due to impacts. This river type may  require further separation to
produce more accurately defined river types. The southern rivers
tend to have poor correlations between the nutrient gradient and
the metric.
Assessment of metric performance – the LINKTREE typology
Eighteen river types were produced from the LINKTREE anal-
ysis (Table 4). LINKTREE produces a bifurcating tree based on the
position along an environmental gradient that maximally separates
(reference) sites based on species dissimilarity. The tree structure
makes it simple to produce a key to classify sites into a river type
(Appendix C). Divisions in the analysis were stopped if one of the
resultant groups had less than five reference sites.
The LINKTREE typology shows good correlations in the lower
alkalinity northern rivers (N2 and N3, Fig. 3a). Again, the acidic river
type (A) has a low correlation with the nutrient gradient which is
likely to be due to the small ecological response of macrophytes
to nutrient enrichment within acidic rivers (Robach et al., 1996).
Although some of the southern river types (S1, S3, S4) again have
poor correlations with the nutrient gradient, type S5 and some tem-
porary rivers (T3, T4) have a good correlation. Type S5 is deeper
rivers (less likely to be dry) and types T3 and T4 are close to the
river source, and therefore less likely to be affected by dry periods.
Indeed, these sections of the river may  not be dry at all, but just
the upstream sections of larger river sections that are dry further
down.
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Table 4
River types within the LINKTREE typology.




A Mountainous rivers at very high altitude 6 Y 0.090
M Naturally very acidic areas 8 0.270
Northern rivers
N1 Upland sites 11 Y 0.327
N2  Low alkalinity rivers of the far north 17 Y 0.513
N3  Low alkalinity rivers 53 Y 0.535
N4 Medium alkalinity rivers (medium size) 35 Y 0.078
N5  High alkalinity rivers (medium size) 19 0.334
N6 Large lowland rivers 75 0.363
Southern rivers
S1 Naturally acidic areas 13 Y 0.002
S2  Shallow rivers very close to source 9 0.388
S3  Shallow rivers close to the source 17 Y 0.153
S4 Shallow rivers far from the source 33 Y 0.201
S5  Deeper rivers 17 0.514
Southern temporary rivers
T1 High discharge upland rivers 11 0.373
T2  Low discharge upland rivers 23 Y 0.270
T3  Small temporary rivers in the lowlands 15 Y 0.579
T4  Medium temporary rivers in the lowlands 7 0.742
T5  Large lowland temporary rivers 9 0.162
A higher proportion of river types have a good correlation
(r2 > 0.2) with the nutrient gradient in the LINKTREE typology than
in the national typology, although this tends to occur in any typol-
ogy that has more types. The clustering of reference conditions is
also better in the LINKTREE typology than in the national typol-
ogy, and reference sites tend to be found more consistently at the
lowest nutrient status within the river type (Fig. 3a and b). This is
supported by the better separation of reference conditions in the
LINKTREE typology compared to the national typology in the bar
charts (Figs. 4 and 5).
Both the LINKTREE and national typologies indicate a distinct
difference between the Northern and Southern Regions. However,
beyond this there were large differences between the typologies.
LINKTREE separated permanent from temporary rivers, and moun-
tainous regions from lowland regions. The early separation of
mountainous rivers in the analysis is probably due to the dom-
inance of bryophytes and lack of vascular plants at these sites.
Although the LINKTREE typology is discrete (not probabilistic) it
still allows different river types within a small geographical area,
based on features such as depth and distance from source, whereas
the national typology was designed to cover large contiguous geo-
graphical regions.
The correlation of the metric EQR with the pressure gradient
tended to be higher within the LINKTREE river types than within
the national typology, e.g. types N2, N3, S5, T3 and T4 had r2 values
between 0.513 and 0.742 (Fig. 3a and b). Again, Type A (acidic)
rivers had a poor correlation with the pressure gradient, although
all reference sites had higher metric values than impacted sites.
Similarly in the mildly acidic rivers of S1 (pH < 6.9) there was a
poor correlation of EQR with the pressure gradient. This is probably
due to the poor response of macrophytes to nutrient enrichment in
acidic rivers as well as less severe impacts in these river types.
The metric site scores for impacted sites should be lower (lower
quality) than for reference sites. 81% of impacted sites have a metric
score lower than their reference condition in the LINKTREE typol-
ogy, whereas the national typology performs worse, with 77% of
impacted sites scoring lower than the reference condition. Also,
mean metric site scores for impacted sites are lower than mean ref-
erence metric scores in each river type of the LINKTREE typology
(Fig. 5), but not the national typology (Fig. 4). In the LINKTREE typol-
ogy river types A, N1-N4, N6, S3, S4, T2 and T3 have significantly
different mean reference and impacted site scores (Fig. 5). However,
as with the national typology, there is not a significant difference
between mean reference and impacted metric scores for many river
types. The lack of separation may  be due to low levels of impact at
some sites, particularly in river type M (mountainous) (Fig. 3a).
Species typical of Northern, Southern and Mountainous river types
The National and LINKTREE typologies had similar frequencies
of indicator species. For example, O. crocata,  Carex elata and P.
hydropiper were the three most frequent species in both typolo-
gies at reference condition in northern regions (all present at >
60% of reference sites). O. crocata, L. salicaria and Lunularia cruciata
were the three most frequent species in both typologies in south-
ern region reference sites (all present at >53% of reference sites).
Mountainous regions were slightly different in their most common
indicator species, although the top two most frequent reference
indicators in both typologies were C. elata and Galium broteroanum
(both present at > 80% of reference sites).
Many of the frequent species at reference sites were also fre-
quent at impacted sites. For example the O. crocata and P. hydropiper
were the two  most common indicator species in the impacted sites
of the north (both typologies) (>71% frequency). O. crocata and L.
salicaria were within the three most common species at impacted
sites in the south (>69% frequency). This suggests that at impacted
and reference sites, the common species vary little. Also, in indices
that use ubiquitous species, the cover weightings of these species
may  obscure the impact response signal given by the rarer indica-
tors.
The number of species that are unique at either impact of refer-
ence sites was also examined (Table 5). In mountainous, northern
and southern rivers there are more species unique to impacted con-
ditions than unique to reference conditions. This could be because
unimpacted reference sites have less community variation than
sites which are subject to a variety of different impacts. Also, it sug-
gests that there is more likely to be an occurrence of new species
associated with an impact rather than a loss of ‘reference’ species.
The high number of unique species at reference condition in moun-
tainous regions was probably due to the high number of reference
sites and the low number of impacted sites within this river type.
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Table 5
Number of indicator species found at reference sites, but not impacted sites (and
vice versa) within mountainous northern and southern regions of Portugal.
Mountainous North South
Expert typology
Reference 12 3 6
Impacted 19 19 13
LINKTREE typology
Reference 11 1 5
Impacted 19 18 20
Discussion
Despite being important structural and functional aspects of
river ecology, aquatic macrophytes are usually given less priority
in biological monitoring than invertebrates or fish. Simple, cheap
and informative methods of aquatic macrophyte monitoring are
required for the WFD. A metric was  developed in this study that
uses simple cover categories, a discrete and intuitively sensible
typology, and 105 easily identifiable species. This metric was devel-
oped from the species change gradient within a data set (first axis
in a DCA).
Often in developing biological metrics there is a failure to
invest sufficiently in supporting chemical sampling and analysis,
either because the researchers have more interest in the ecolog-
ical field work, due to the cost of chemical sampling, or because
the chemical and biological monitoring is not coordinated to pro-
duce co-supporting information. In this study the chemical analyses
were particularly insensitive so it was considered inappropriate to
use a metric calibrated against the chemistry data.
Although the species scores represent the main species change
gradient, the high correlation of the metric with the combined
nutrient gradient (r2 = 0.602) and similarities between species
scores and MTR  scores, suggests that the metric predominantly rep-
resents nutrient enrichment. However, there were species scores



































































0 10 0 20 0 30 0 40 0
A 0.09 0 M 0.27 0 N1 0.32 7
N2 0.51 3 N3 0.53 5 N4 0.07 8
N5 0.33 4 N6 0.36 3 S1 0.00 2
Fig. 3. (a) Ecological Quality Ratio (EQR) of sites surveyed within river types within the LINKTREE typology, for Northern Portugal (and type S1), plotted against a nutrient
gradient  constructed from the 1st PCA axis of total nitrogen concentration, nitrate concentration, and impermeable surface area in the catchment. The x-axis is the rank
nutrient  gradient and the y-axis is the EQR value. The letter within each chart indicates the river type, and is followed by the r2 value. Impacted sites are indicated as closed
circles,  reference sites as open circles. (b) Ecological Quality Ratio (EQR) of sites surveyed within river types within the LINKTREE typology, for Southern Portugal (excluding
type  S1), plotted against a nutrient gradient constructed from the 1st PCA axis of total nitrogen concentration, nitrate concentration, and impermeable surface area in the
catchment. The x-axis is the rank nutrient gradient and the y-axis is the EQR value. The letter within each chart indicates the river type, and is followed by the r2 value.
Impacted sites are indicated as closed circles, reference sites as open circles.
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Fig. 3. (Continued.)
Some of this can be explained by differences in the species niche
between temperate and Mediterranean regions. For example, C.
fragilis (a submerged macrophyte) has a wide ecological range
but usually has an oligotrophic niche. In Mediterranean regions it
may  be pushed into more mesotrophic lowlands due to desicca-
tion in oligotrophic rivers (possibly because summer flows in many
rivers are dependent on effluent input). Similarly the submerged C.
hamulata is associated with oligotrophic conditions in the UK and
Netherlands, but in this study, as well as in Southern Germany and
France (Schneider, 2007) has a greater ecological range often having
a mesotrophic species score. P. australis, despite being ubiquitous,
had a score associated with lowland conditions, though this may  be
due to its higher abundance in the channel in lowland rivers with
open canopies, fine sediment deposits and often dry river beds.
In many upland areas acidity can be the over-riding factor con-
trolling macrophyte community change (Robach et al., 1996) and
thus the species scores may  be more strongly associated with
acidity in these regions. This limitation of macrophyte commu-
nity change by factors other than trophic status (Barendregt and
Bio, 2003) was the major criticism of current macrophyte metrics
by Demars and Edwards (2009).  However, the benefit of the DCA
approach is that, although overall it was well correlated with nutri-
ent enrichment, the species scores represent the main gradient in
community change and not specifically trophic status.
The correlation of the metric with hydrological and hydro-
morphological impacts was  unexpectedly low. It was  probably
due to the data being categorical rather than continuous. Analysis
with more precise quantitative hydromorphological data should be
attempted in the future. Also, the exclusion of some MTR  scoring
species, e.g. N. lutea, Cinclidotis and Saggitaria sagitifolia, was  due to
their rarity in the survey and not their absence in Portugal so future
surveys should target such species to enable scores to be assigned.
With the exception of acidic rivers, the metric response to nutri-
ent enrichment and separation of reference and impacted sites was
generally good in northern Portugal. Temporary rivers in the south
(the low discharge T2 rivers, and the large temporary rivers of T5)
as well as the shallow rivers away from the source (S3, S4) had
poorer correlations between the metric and the nutrient pressure.
This is likely to be due to the lower number of indicator species in
drier rivers (Dodkins et al., 2011), and indicator species having a
weaker association with the water column (i.e. submerged species
were rare in southern rivers). The larger lowland rivers of the south
(S5, T5) also had a poor separation of reference and impacted sites.
A further cause of the low sensitivity of the metric in the larger
lowland rivers may  be due to Weighted Averaging (WA). Reciprocal
Averaging (RA) was  used instead of WA to calculate species scores,
and therefore the species scores are likely to be more robust than
in WA,  i.e. in WA species that occur at few sites can have poorly
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Fig. 4. Mean biological metric values at reference condition metric value (dark bar)
compared to impacted sites (light bar) with 95% confidence intervals (lines), for each
river type within the national typology. High metric values infer high quality. River
types are described in Table 1.
estimated optima, whereas RA is an iterative procedure based on
species co-occurrence and therefore calculated from the whole data
structure. Also there is no dependence on the accuracy or the time
period of chemical monitoring data within RA, since it does not
use chemical data for calibration, but instead represents the main
gradient in community change. However, WA  was used to calculate
the site metric scores, and thus the EQR.
In lowland rivers which already have moderate concentrations
of nutrients, the main ecological changes with nutrient enrichment
are likely to be a loss of rare sensitive species and increases of
abundance in species that may  already be dominant (even at ref-
erence condition). Due to the WA  score already being determined
by the score of the more abundant species, neither of these ecolog-
ical changes is likely to have much effect. This (as well as natural
variation caused by differences in small scale physical habitat) may
be why abundance weightings had little effect in the early develop-
ment of both CBAS (Dodkins, 2005) and LEAFPACS (Willby, personal
communication).
Indicator weightings have previously been used in methods
such as the Trophic Diatom Index (Kelly, 1998) and CBAS (Dodkins
et al., 2005a)  in an attempt to assign more importance to good indi-



















Fig. 5. Mean biological metric values at reference condition metric value (dark bar)
compared to impacted sites (light bar) with 95% confidence intervals (lines), for each
river type within the LINKTREE typology. High metric values infer high quality. River
types are described in Table 4.
later dropped the use of indicator weightings (Dodkins, 2005; Kelly
et al., 2008) as they had little effect on the final scores. It is likely
that the abundance of more sensitive species is limited by small
scale habitat availability and therefore there can be a weak abun-
dance response to nutrient increases whereas species associated
with nutrient enrichment (e.g. E. canadensis,  Lagarosiphon major)
can often colonise large areas rapidly with less limitations from
substrate availability and thus show a more pronounced abun-
dance response to nutrient enrichment (e.g. Dodkins, 2003). Thus,
using the same abundance categories for all species may  obscure
the trophic response signal. A simple and effective alternative is a
method used by Schaumburg et al. (2004) and Willby et al. (2009)
whereby a site score is calculated using separate averages for
sensitive (and usually rarer) species, tolerant species, and species
with a neutral response to nutrient impacts. Such metrics are
likely to have a more pronounced response to the loss of sensitive
species in lowland habitats since the score of sensitive species is
not smothered by the score of dominant, more tolerant, species.
This metric in this study is similar to the Eastern Canadian
Diatom Index (IDEC) (Lavoie et al., 2006), except that Lavoie et al.
measured the distance between the monitoring site and the refer-
ence condition rather than assigning a score to species, and that
CA was  used. The advantage of assigning a score to species is
that the reference conditions can be improved or changed with-
out affecting the initial monitoring site score calculation. It also
enables the species scores to be independently evaluated based
on expert judgment, without confusion over whether the refer-
ence sites or the species scores are the source of inaccuracy. This
metric also shares some similarities with the German reference
index (RI) (Schaumburg et al., 2004) since, although an impact is
presumed as the major cause of species change, the method calcu-
lates species scores without direct reference to a specific pressure
gradient.
Although the national typology and LINKTREE typology differed,
they both indicated the large ecological difference between rivers
of north and south Portugal. The LINKTREE analysis achieves what
Dodkins et al. (2005b) attempted to do, in producing a typology
that optimally separates biological communities whilst simultane-
ously selecting environmental variables and divisions along these
environmental gradients at which the communities are maximally
separated. The approach is similar to Multivariate Regression Trees
developed by De’ath (2002).  Unlike Discriminant Function Analysis
(DFA) it does not require a linear separation along an environmen-
tal gradient (the same environmental factor can be used at different
levels in the hierarchical classification) and LINKTREE is not proba-
bilistic, so a discrete typology which is easy to interpret is produced.
The LINKTREE typology performed much better than the national
typology, however both indicated the difficulties of developing a
macrophyte metric in the drier southern rivers.
Methods of aquatic macrophyte assessment in Mediter-
ranean rivers, particularly temporary rivers, may  require different
approaches to those used in temperate climates. Low numbers of
aquatic species are likely to be limiting the performance of the met-
ric in temporary rivers. The large proportion of terrestrial species
in temporary rivers (up to 50% of in the Guadiana river channel
(Ferreira et al., 2001)) may  be a justification for including non-
aquatic species in metrics for Mediterranean rivers, i.e. species
considered ‘riparian species’ in temperate climates are often found
in the dry river channel of Mediterranean rivers. Since drying in
such rivers is a “continuous and gradual process” (Ferreira et al.,
2001) the succession of these species could be a good indicator of
the hydrological regime. Non-aquatic channel species may also be
indicative of the nutrient status of sediment deposited in the river
channel prior to drying. Increasing the number of indicator species
could also be achieved by combining diatoms and macrophytes
within a single index (e.g. Dodkins et al., 2011).
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RA for calculating species scores is recommended when chem-
istry data is poor or inconsistent, though the metric response to
human impacts always needs to be validated. There is scope for
improving WA  methods for calculating site metric scores. Func-
tional metrics could also be included in a multi-metric index to
enable a more comprehensive and interpretable response to a vari-
ety of impacts.
Conclusions
The national and the LINKTREE typology both support the view
that aquatic macrophyte communities in the north and south of
Portugal are distinct, probably due to the Mediterranean (drier and
spateyer rivers) of the south. Southern rivers have fewer species
and often less pronounced community responses to perturbation.
Despite the metric not being specifically designed to measure
trophic status, it had a good correlation with a nutrient gradient.
However, it had much lower correlations with the nutrient gradi-
ent in acidic rivers and the drier temporary rivers of the south. The
poor response of macrophyte communities to nutrient enrichment
in acidic rivers is already known to occur. The poor response in
the larger drier rivers of the south is likely due to low species num-
bers, abundance of many species being dependent on the variability
in small scale physical habitat, and simple WA  calculations not
responding sufficiently to increases in cover of dominant species
and loss of rare species.
An aquatic macrophyte metric for Mediterranean regions must
aim to maximise the information available from the plants; possibly
including terrestrial species in the channel, additional functional
metrics (e.g. vegetation structure, species diversity), and improv-
ing how abundance is used, e.g. separating sensitive and tolerant
species prior to WA  calculations. Further investigation into assess-
ing ecological changes in temporary rivers is also recommended.
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Appendix A.
Aquaticity (link to water) categorisation of macrophytes devel-
oped by Chauvin (Birk et al., 2007). Only species with Aquaticity of
five or less were included in this study.
1 Exclusively aquatic species (or mainly aquatic in regular conditions).
2  Aquatic taxon with common terrestrial forms or truly amphibious
(common aquatic forms as well as terrestrial forms).
3 Supra-aquatic bryophyta and lichens. Commonly submersed for part
of  the hydrological cycle.
4  Helophytes or amphiphytes. Erect forms with base commonly inside
water.
5  Hygrophylous taxa. Possibly submersed (at least the base) a part of the
year.
6  Bank, wood, grasslands or ruderal herbaceous species. May  be found in
water accidentally or in high flow conditions.
7 Woody riparian species. May  be flooded temporarily.
8 Brackish water or salt-marsh species.
Appendix B.
Species scores for the 105 species in the DCA macrophyte metric.
Species found at higher ecological status have higher scores.
Species Score Species Score
Philonotis fontana 10 Anogramma leptophylla 4
Centaurea nigra ssp. rivularis 9 Callitriche cribrosa 4
Scapania undulata 9 Callitriche stagnalis 4
Sphagnum spp. 9 Carex paniculata ssp. lusitanica 4
Euphorbia dulcis 8 Carex pendula 4
Juncus bulbosus 8 Carex remota 4
Jungermannia spp. 8 Cyperus eragrostis 4
Molinia caerulea 8 Eleocharis multicaulis 4
Racometrium spp. 8 Eleocharis palustris 4
Ranunculus tripartitus 8 Juncus bufonius 4
Brachythecium rutabulum 7 Leersia oryzoides 4
Carex elata ssp. reuterana 7 Lemna minor 4
Chiloscyphus polyanthos 7 Lunularia cruciata 4
Fontinalis squamosa 7 Lythrum salicaria 4
Galium broteroanum 7 Mentha pulegium 4
Hygrohypnum ochraceum 7 Polygonum hydropiper 4
Marchantia polymorpha 7 Ranunculus bulbosus 4
Schistidium rivulare 7 Ranunculus peltatus 4
Brachythecium rivulare 6 Alisma plantago-aquatica 3
Calliergonella cuspidata 6 Apium nodiflorum 3
Carex laevigata 6 Azolla filiculoides 3
Cirsium palustre 6 Callitriche brutia 3
Dryopteris filix-mas 6 Callitriche hamulata 3
Eleogiton fluitans 6 Eichhornia crassipes 3
Fontinalis antipyretica 6 Equisetum palustre 3
Juncus heterophyllus 6 Isoetes histrix 3
Myosotis debilis 6 Juncus hybridus 3
Myosotis lusitanica 6 Mentha aquatica 3
Myriophyllum alterniflorum 6 Myriophyllum aquaticum 3
Polystichum setiferum 6 Paspalum dilatatum 3
Potamogeton natans 6 Potamogeton nodosus 3
Potamogeton polygonifolius 6 Pulicaria paludosa 3
Ranunculus flammula 6 Ranunculus penicillatus 3
Rhynchostegium riparioides 6 Sparganium erectum 3
Scutellaria minor 6 Typha dominguensis 3
Stellaria alsine 6 Typha latifolia 3
Thamnobryum alopecurum 6 Veronica beccabunga 3
Amblystegium riparium 5 Alisma lanceolatum 2
Callitriche obtusangula 5 Chara fragilis 2
Eupatorium cannabinum 5 Epilobium hirsutum 2
Glyceria fluitans ssp. declinata 5 Lemna gibba 2
Iris  pseudacorus 5 Myriophyllum spicatum 2
Juncus effusus 5 Paspalum distichum 2
Lemanea sp. 5 Polygonum amphibium 2
Ludwigia palustris 5 Potamogeton crispus 2
Lycopus europaeus 5 Rorippa nasturtium-aquaticum 2
Lysimachia vulgaris 5 Schoenoplectus lacustris 2
Myosotis laxa ssp. caespitosa 5 Veronica anagallis-aquatica 2
Oenanthe crocata 5 Arundo donax 1
Prunella vulgaris 5 Elodea canadensis 1
Ranunculus trichophyllus 5 Phragmitis australis 1
Saponaria officinalis 5 Potamogeton pusillus 1
Scrophularia scorodonia 5
Appendix C.
Key for deciding which river type a site belongs based on LINK-
TREE analysis.
1 Is it a very high altitude site (>850 m) Yes Type M
No 2
2  Is it in a (naturally) highly acidic area (pH <= 5.3) Yes Type A
No 3
3  Is it a Northern (latitude > 337,500) or North 4
Southern (latitude <= 337,500) river South 8
Northern (temperate) Rivers
4 Is it an upland site (altitude >= 700 m) Yes Type N1
No 5
5 Is  it a small catchment (area > 180 km2) Yes 6
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No Type N6
6 Is the alkalinity (units): <=20 7
>20–50 Type N4
>50 Type N5










9 Is  it in a (naturally)
acidic area (pH < 6.9)
Yes Type S1
No 10
10  Is the river very close
to the source
(dist. from
source <= 6 km)
Type S2
(dist. from
source > 6 km)
11









Or  far from the source (dist. from
source >= 16.2 km)
Type S4
Temporary southern rivers
13 Is it a large catchment
(area > 250 km2)
Yes Type T5
No 14
14  Is it a mid  or upland
site (altitude > 110 m)
Yes 15
No 16
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